Abstract -This study investigates the metastable defect behavior from temperature dependent current density-voltage (JVT) and capacitance spectroscopy measurements in solutionprocessed antimony (Sb) doped CIGS thin film solar cells. From the Voc(T) analysis, the main recombination mechanism is found to be Schottky-Read-Hall recombination in the bulk. A detailed study of the carrier concentration, defect density and energy level defects was performed using capacitance spectroscopy. Admittance spectroscopy measurements revealed an admittance step at low temperatures with an activation energy of 42 meV.
I. INTRODUCTION
Thin film solar cells based on polycrystalline Cu(In,Ga)Se2 (CIGS) absorbers are one of the most promising candidates for low-cost and efficient large-scale solar energy conversion devices. Power conversion efficiencies of CIGS thin film solar cells exceed ~22% in laboratory-scale devices [1] . To reduce fabrication costs, solution-processing of CIGS absorbers is an attractive prospect. So far, the best performing solutionprocessed CIGS solar cell with a power conversion efficiency (PCE) of 15.2% was developed using hydrazine as a solvent [2] . Nonetheless, using hydrazine raises safety concerns as it is highly toxic and explosive. As a safer alternative, a solvent combination based on an amine-thiol can be used to dissolve metal chalcogenides effectively for use in solution processed thin film solar cells and is presented here [3] .
Despite improvements in solution-processed CIGS solar cells and significant progress in understanding of their electrical properties, the limiting factors of device performance have not yet been explained satisfactorily [4] . Capacitance spectroscopy can be used as a tool to identify the discrete traps in thin film solar cells [5] . It covers a range of measurement methods including drive-level capacitance profiling (DLCP), admittance spectroscopy (AS) and capacitance-voltage (C-V) profiling techniques. Each technique provides useful information about carrier concentration, density of states, defect concentration and the activation energy of defect levels. Efficiencies of CIGS solar cells are affected by these properties, especially in solution processed devices, and their determination is important for understanding limiting factors of the device performance.
The purpose of this work is to investigate the metastable behavior of antimony doped solution-processed CIGS solar cells using electrical and optical measurements. CIGS absorbers were fabricated using metal chalcogenides dissolved in an amine-thiol solvent mixture and combined with antimony (Sb) as a dopant, in an effort to enhance the grain growth of CIGS, and improve the electronic properties of the device [6] . However, excessive doping can cause reduced grain growth, if not carefully controlled. Devices have been characterized by current density-voltage (J-V), capacitance spectroscopy, external quantum efficiency (EQE), scanning electron microscopy (SEM) and electroluminescence (EL) imaging.
II. EXPERIMENTAL

A. Instrumentation
The temperature dependent electrical measurements were carried out in an evacuated closed-cycle helium cryostat with a measurement range of 105 to 315 K (Fig. 1) . The device temperature was adjusted using a LakeShore 335 temperature controller with the temperature measured by a Si diode attached to the bottom of the sample stage and a thermocouple. Prior to cooling, the samples were kept in the dark for one hour to ensure a relaxed state.
The J-V characteristics were measured using an ABET solar simulator under 1000 W/m 2 illumination, calibrated using a reference Si photodiode.
Admittance spectroscopy was performed with a Keysight E4990 impedance analyzer. Drive level capacitance profiling (DLCP) and capacitance-voltage profiles were obtained using the same setup at a frequency of 100 kHz, with bias sweep from -1V to 1 V at room temperature. JVT curves were acquired using a Keysight B2902A source-measurement unit using the same cryostat and the same electrical contacts utilized for the capacitance measurements. The samples were illuminated under 500 W/m 2 with a halogen light source. The external quantum efficiency (EQE) spectra were acquired with chopped light using a Bentham PVE300 system. The measurements were performed at 0 V bias with a spectral resolution of 5 nm.
The film morphology was investigated using a Carl Zeiss 1530 VP field emission gun scanning electron microscope (FEGSEM) with 30 μm aperture size and 5 kV operation voltage.
The Electroluminescence (EL) images were obtained using an Apogee Alta F800 camera, with a Qioptiq Inspec X IR lens and an aperture f-stop of 2.8. Forward bias was applied to each cell with a current injection ~Jsc and images were collected with a 10 minute acquisition time. 
B. Device preparation and fabrication
The CIGS devices were fabricated using a molecular solution approach currently being developed at CREST [7] . This approach involves the spray deposition of metal sulphide solutions, based on a dithiol-diamine solvent combination. The preparation starts with the deposition of a ~30 nm thick MoNx layer onto a 600 nm thick Mo coated soda-lime glass (SLG) substrate by DC magnetron sputtering. This layer acts as a diffusion barrier against selenium (Se). Then a ~50 nm thick Mo layer was deposited on top of the MoNx layer. Cu(In,Ga)Se2 solutions were prepared using Cu2S, In2S3 and elemental Ga with Se precursors dissolved in 1,2-ethanedithiol/1,2-ethylenediamine (1/10 v/v) solvent mixture. 2 mol% of Sb acetate was added to the precursor solution. The final solution was then deposited by hand-spraying onto the Mo coated substrates with aimed composition of Cu0.9In0.7Ga0.3Se2 and thickness of approximately 2 μm. The as-deposited films were then selenized in a graphite box, inside a tube furnace for 90 minutes at 540°C. A buffer layer of CdS (~50 nm) was then deposited by chemical bath deposition (CBD) followed by window i-ZnO and Al:ZnO layers both deposited using RF sputtering (~50nm and 500 nm, respectively). Finally, 500 nm thick front contact silver grids were deposited by thermal evaporation. The details of the solution preparation and techniques used in the fabrication of CIGS devices are provided in our previous work [3] .
III. RESULTS
A. Admittance Spectroscopy
The admittance measurement under equilibrium conditions (0 V bias) for the Sb doped device shows an admittance step at low temperatures (between 265 K and 105 K) and high frequencies (Fig. 2) . This admittance step is often discussed in the literature as the N1 response, commonly associated with spatially discrete distribution of donor-like defects at the surface of the absorber layer. It has typical activation energies, EA, between 40 meV and 160 meV [8] . EA can be obtained from the slope of the Arrhenius plot of the inflection points determined from the maxima of the conductance spectra (Fig.  3) and is estimated to be 42 meV which can correspond to the N1 defect. Fig. 3 .
B. Capacitance-Voltage Analysis
Capacitance profiles were measured by means of the DLCP and C-V profiling techniques, shown in Fig. 5 . Both methods showed typical U-shaped depth profiles commonly reported in literature [9] , with the DLCP measurement featuring an improved signal-to-noise ratio. The use of DLCP gives a more accurate determination of carrier concentration. Likewise, C-V profiling can lead to incorrect determination due to the presence of deep defects or interface defects. DLCP measures the change in junction capacitance with a varying peak to peak oscillating voltage (drive level). It allows an estimation of the defect concentration from both shallow and deep defects [10] . Assuming a small enough drive level amplitude the capacitance can be estimated as where can be denoted as the capacitance in the limit of zero drive level and as the first order correction to the junction capacitance for finite drive level [11] . These two parameters can be used to determine the bulk defect concentration , including both the carrier concentration and the deep level defect states that can respond at the signal frequency. Defining the area of the cell A, q as the charge of an electron and ɛ as the dielectric constant of the material, then (1) In both cases, the depth profiles have an unusual shape, with a tail off towards the back contact. Typically, solution grown CIGS films form a bilayer structure of a large-grain top layer which covers a fine-grain bottom layer. We suggest this causes the tail off as the depletion width crosses the interface between the two layers during the voltage sweep. A difference in the carrier concentration of roughly 3.19 x 10 16 cm -3 was observed from the different techniques. As the C-V profiles are affected by interface states, DLCP profiles were used to estimate the carrier concentration for this study. The best cell showed a carrier concentration of 1.69 x10 16 cm -3 . Fig. 6 . Capacitance versus drive level (peak-to-peak voltage) measured at 100 Hz and 100 kHz to extract C0 and C1 values to estimate the carrier concentration and defect density in Fig. 7 .
The defect density was measured by DLCP at zero bias and room temperature. Capacitance data were recorded at 21 drive levels spaced by intervals of 10 mV over a range of 10 mV to 210 mV, where these values represent the amplitude of the oscillating voltage (drive level). At each drive level, measurements were recorded at 77 frequencies on a log scale. The measurement range should extend to the highest frequency possible, as only shallow defects respond at these frequencies. However, if the frequency is too high, measurements are affected by series resistance of the probes. For this reason, the measurements were limited from 100 Hz to 100 kHz. At 100 Hz and 100 kHz, the capacitance was plotted versus the oscillating voltage (Fig. 6 ) in order to extract the values of C0 and C1. The defect density at 100 kHz was interpreted as the carrier concentration of 1.69 x10 16 cm -3 .
This value is in closed agreement with that extracted from the DLCP depth profile displayed in Fig. 5 and the difference between the defect densities at 100 Hz and 100 kHz can be attributed to the deep level defect density of 1.27 x10 16 cm -3 ( Fig. 7) . Table I summarises the PV parameters of the best cell from the device at room temperature (under 1000 W/m 2 ). The device consists of 16 cells with each a cell area of 0.25 cm 2 .
C. J-V & EQE Analysis
The JVT technique is a valuable tool for characterization of the recombination mechanisms which limit the performance of PV devices. Fig. 8 shows the JVT measurements for the best cell. The strong temperature dependence of short circuit current density, (Jsc) may be attributed to the interface between the larger and smaller grains of CIGS absorber layer shown in the SEM image (Fig. 11) , since only this region is close enough to the junction to cause this effect [12] . There is a roll-over effect appearing at low temperatures in this cell.
The linear extrapolation to T = 0 K of the open circuit voltage (Voc) versus temperature curve gives the activation energy Ea for recombination mechanisms in the device. We observe that our Voc(T) data for the best cell yields an activation energy Ea = 1.15 eV (Fig. 9) , which is consistent with the bandgap (Eg = 1.15 eV) value determined from EQE data (Fig. 10) . This indicates that the main recombination mechanism in the cell is the Schottky-Read-Hall recombination in the bulk, which is common for CIGS solar cells [13] . The EQE spectra for the best cell is shown in Fig. 10 . It has a high collection just above 80% in the range of 500 to 700 nm and a gradual decay of the EQE at longer wavelengths. This may be attributed to recombination losses as a result of incomplete generation or collection in the fine-grain absorber layer. The small decay below 480 nm is due to the absorption in the CdS layer. The EQE yields Jsc of 30.5 mA/cm 2 , which is in closed agreement with Jsc from J-V measurements shown in Table I . Fig. 10 . The EQE spectra of the best cell. The absorber band gap is extracted from the peak of the derivative of the long wavelength slope in the EQE data.
D. SEM Images
The microstructure of the best cell is shown in the SEM image in Fig. 11 . A bilayer structure of large-grain top layer and a fine-grain bottom layer is observed. It agrees with the trend observed from the EQE spectra, where large grains follow the range of 500-700 nm with a high EQE signal and fine grains correspond to the absorption range of 700-1000 nm with a low EQE signal. The absorber layer morphology contains some voids which can act as recombination centers which limit the solar cell device performance. 
E. EL Images
The EL image shown in Fig. 12 for the best cell was performed under a current load of ~Jsc. It shows inhomogeneous patterns of dark and bright regions over the cell area. These might be due to random crystal CIGS grains, presence of local shunts or grain boundary recombination in the absorber layer [14] . Brighter regions around the front contact grid may be attributed to higher losses across the TCO when the collection occurs further from where the injection current was applied. Fig. 12 . EL image of the best cell. The image maps the electronic quality of the absorber with higher counts showing areas of higher radiative recombination and lower counts or dark regions corresponding to small cracks, scratches or low material quality.
IV. CONCLUSIONS
Antimony was introduced in the absorber layer for hydrazine-free solution-processed CIGS solar cells. The effect of antimony on the device performance was investigated. DLCP technique was used for estimating the carrier concentration as it is more sensitive technique to bulk states. From Voc vs temperature analysis, activation energy of recombination mechanism agrees well with the band gap of the absorber layer which indicates that the main recombination mechanism in the device is in the bulk. Deep level defects have been studied by Admittance Spectroscopy. We interpret the N1 step as a result of shallow interface states with an activation energy estimated to be 42 meV.
